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Abstract
The study of Solar Irradiance and Aerosol Optical Depth (AOD) plays an important role in
understanding the regional and global climate distribution, and is also important in air pollution
studies. In this work an MFRSR (Multi-Filter Rotating Shadowband Radiometer) and a Portable
Microtop Sunphotometer were used to measure irradiances and to obtain optical depth values for
the El Paso-Juarez Airshed. The Langley method applied on the MFRSR irradiance data was used
to calculate the AOD values. The spatial distribution of AOD for this region was obtained using
a Microtop Sunphotometer. The graphs were generated using GIS Shapefiles. In addition, the
MODIS (Moderate Resolution Imaging Spectro-Radiometer) and the IDEA (Infusing Satellite
Data into Environmental Air Quality Applications) AOD satellite data was subsequently used to
obtain PM2.5 values at the surface. This work provides an alternative and efficient method to
perform air pollution studies in this region.
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Chapter 1: Introduction

1.1

Background
The concern of the today’s world in the context of environment and pollution regarding the

sustainability of human is directly affected by the aerosols and the layer of atmosphere that
surrounds the earth. The Sun is the ultimate source of energy which is a nature gifted so pretty
object that is the steering of the human existence and so other living and non-living matter. The
energy obtained from the sun (solar energy) is the energy obtained by the thermonuclear process
that converts about 650,000,000 tons of hydrogen to helium every second [Eric W. Brown]. As
from this source the total cross section of Earth is about 127,400,000km2 which have energy rate
of (1.740x1017W±3.5%).This value is the total rate of solar energy received by the planet; about
have 89 Peta Watts reaches to the Earth's surface. The solar energy that generates from the sun
provides 99.98% of the energy, which naturally owes through the surface environment of the Earth
and in another way the Sun supplies 5000 times more energy than all the other sources combined
together. This emphasizes the importance of solar energy to us. But there is a factor called aerosol
optical depth which prevents this energy to have immediate effect on earth. The energy in solar
radiation can be used directly or indirectly in our daily life including heating, cooling, lightening,
electric power, transportation and even environment clean up. Many such applications are already
uncompetitive with conventional energy sources. Aerosols in the atmosphere have several
important environmental effects. They are respiratory health hazard at the high concentrations
found in urban environments. They scatter and absorb visible radiation, limiting visibility. They
affect the Earth's climate both directly (by scattering and absorbing radiation) and indirectly (by
serving as nuclei for cloud formation). They provide sites for surface chemistry and condensedphase chemistry to take place in the atmosphere.
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1.2

Literature Review
Analysis of measurements of aerosol optical depth data are based on the techniques and

modelling one apply.
The Swiss Meterological Institute –Meteo Swiss which works under the Swiss
Atmospheric Radiation Monitoring program called CHARM connects the Sun Photometer
Stations which are six in number. There were three wavelengths that they studied for aerosol
optical depths (368, 500 and 778 nm) which are determined from direct solar irradiance just to
provide informations for study of climate change. For the measurements they opted pollution free
urban area but of high and low altitude in north and south part of the Alps in Switzerland. The first
collected data in Davos before 1991 were put in discussion. The layer of aerosol presented on the
lower sites showed some seasonal and regional variance in the tropospheric level. Relying on
different conditions of transportation of atmospheric phenomenon the AOD datas were classified.
The classification is based on advective or convective weather phenomenon. The result showed
that low values of AOD were advective than convective. The monthly average values for 500 nm
had AOD value which ranged from 0.05 during winter up to 0.3 in summer. The scaling of AOD
value was 1-2 km with respect to the season. The study showed its good to study AOD for the high
mountains on stratosphere. The AOD values that got in 1996 with pre-pinatubo with lower range
0.004–0.007 measured at 500 nm were in fair agreement with that got in 1997.
UVMFRSR was used to determine the total ozone column and the aerosol optical depth in
the Blue Ridge Mountains of North Carolina. The total and diffuse UV irradiance were measured
at the surface with seven narrowband wavelength channels for two 6 months period in 1997 and
1999. The retrieved column ozone reflected dependency on seasons and but seems fair in
agreement with the Total Ozone Mapping Spectrometer (TOMS). The mean ratio of retrieved
ozone to TOMS ozone was 0.98 with standard deviations of 0.02 and 0.01 for 1997 and 1999,
respectively. The AOD at the wavelengths of 317, 325,332, and 368 nm was derived for a 6 month
period of 1999. The nature of the seasonal dependency that saw was affected by the consistent
2

haze at the summer over the region. The retrieved aerosol optical depths are used as input in a
radiative transfer model to investigate the effect of their realistic values on the calculation of the
UV index (UVI) forecasted by the National Weather Service. Those AOD values worked as the
primary source for the Radiative Transfer Model to see how it helps on calculating UV index. The
National Weather Service applied this model.The weighted UV with UVI aerosol gave a 4%
increase and near about 50% decrease value based on AOD and the amount of absorption by it.
This gave the conclusion that during the summer time the value of UV index could fluctuate upto
-5 value.
Monitoring instruments were costly, so to work with the less cost device; INPE/CRN
laboratory manufactured a portable sun photometer which can operate in four bands two either of
UV and visible range. Langley Method was applied to calibrate that sun photometer. Langley
method was suitable for the sites with high altitude whose optical stability should be higher. In
1994, Harrison et al. report was successful in applying Langley method in Boulder, Colorado. In
2011 Lieu et. Al showed that low altitude sites could provide steady AOD as like high elevation
which if free from pollution. In the semiarid region of northeastern Brazil this method was tested
because it was pollution free area. The researchers investigated optical depth stability using two
periods of measurements in the year during dry season in austral summer. Two periods were
chosen for the measurement as dry season and austral summer to see the steadiness of AOD. That
was done in December and September. In December the local vegetation ususally dries losing all
leaves but in September the vegetation remains with leaves. The distribution of data for December
2012 and September 2013 for eleven half days in the morning and afternoon times were fitted in
the measurements which gave the values of Vo. The result showed good correlation between the
collected data and the fitted line but the Vo values seems greater than allowed value for the
calibration of sun photometer. The findings showed that to get the better value the periods should
be selected wisely.

3

For the quantitative remote sensing study, atmospheric correction plays an important role.
It is very difficult to apply algorithm in real cases for the study. The aerosol optical depth and
content of water vapor could be monitored using atmospheric algorithm technique called MODIS
(Moderate Resolution Imaging Spectroradiomter). These can be applied in Dark Object
Subtraction (DOS) model to compute the transmittances. The improved DOS atmospheric
correction method combining MODIS imagery with the conventional DOS technique was
proposed. A Landsat 7 Enhanced Thematic Mapper Plus (ETM+) image was acquired on 21
October 2001 in Wuyi Mountain, south-eastern China, and a CBERS 02 CCD image was acquired
on 24 August 2005 in Dunhuang, north-western China, were atmospherically corrected with this
approach. Various tests are performed, from spectral signature analysis, to vegetation index spatial
profile and image information content comparisons, and by direct comparison with groundmeasured reflectances, to evaluate the performance of the improved DOS model. Spectral
signature analysis, vegetation index spatial profile, image information content comparisons and
also comparison by ground measured reflectances showed atmospheric correction could be done
using this model.
For the satellite imagery to have the correction factor of atmosphere the quantity and the
kind of aerosols present makes great impact. MOD09 was a software that could analysize the
sensitivity of the atmospheric inputs parameters which helps to find the level of uncertainty on
estimating the AOD .This software which was used for the generation of surface reflectance
products estimated the AOD of the atmosphere at the time of image formation. AOD
measurements retrieved from MODIS were compared with near-simultaneous AErosol RObotic
NETwork (AERONET) data over three sites in Australia, using time-series of MODIS surface
reflectance products. The results of that study provided an important reliability of ACRES MODIS
Surface Reflectance Products. This procedure might be applied to long time series MODIS data
for the estimation of the accuracy of MOD09 retrieved AOD.

4

These kinds of studies and researches give the trend of the aerosol optical depth
measurements of a particular region of any place. This enunciates to found out the more potential
causes and effects of the things that make AOD variation from one place to another. This helps to
formulate further efficient technologies to mitigate the effect of AOD on human and vegetation
life. Owing this not only helps to navigate the problem but also slim out the environmental threat,
a global contemporary issue.

1.3

Objectives of the study
In the Earth the issue of studying aerosol optical depth is a very needy topic today because

there is a fore-coming threat due to the pollution causes in the atmospheric layer which not only
harms by the means of UV radiation but also generates various side effects that bears a lot cost on
human civilization. The threat to natural habitat and global environment makes the earth a
challenge that scientists have more and more research in this field of study.

The objectives of my study can be listed as :

•

To see the variation of direct solar radiation and AOD at the particular stations

•

Extraction of AOD using Langley Calibration with MFRSR

•

Spatial Distribution of AOD using Microtops via google earth

•

GISArc Plots of the stations in terms of solar irradiance and AOD distributio

•

Comparison of AOD from MFRSR with IDEA for a clean vs cloudy day in El Paso
Region

•

Inter-Comparison of PM2.5 from IDEA and TCEQ Model

5

1.4

Limitations of the study
There are certain limitations imposed on our study which may not meet the objective in a

proper way. The following are the some constraints which are mentioned.

•

For the measurement of solar radiation data and aerosol optical depth we used a

microtop which was made about 11 years ago. The meter is used only for small scale laboratory
purpose so it may create some errors for large scale data.
•

The meter was calibrated with MFRSR installed in UGLC. If the MFRSR has some

calibration error then it may cause error to the microtop measurement too. The meter lacks
automatic cosine correction so it should be placed horizontally to minimize errors.
•

High sensitivity of instrument shows quick deflection which may cause error with

fast change in intensity.
•

We have to use a calibration factor to change our millivolt scale to watt per square

meter and also a calibration factor for the aerosol so it remains always an error part.
•

Measurement of the data within 3 hours 20 min intervals for two days at different

stations is not sufficient to analyse the exact trend of a particular region. The previous researches
on this showed that, to find out the exact trend of a particular region at least 14-15 years regular
data should be analysed. However this give some rough trend which is also a good matter for
comparative study
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Chapter 2: Radiation in Atmosphere

2.1

Introduction
The atmosphere of Earth is a layer of gases surrounding the planet Earth that is retained by

Earth's gravity. Like other planetary atmospheres, the earth's atmosphere figures centrally in
transfers of energy between the sun and the planet's surface and from one region of the globe to
another; these transfers maintain thermal equilibrium and determine the planet's climate. However,
the earth's atmosphere is unique in that it is related closely to the oceans and to surface processes,
which together with the atmosphere form the basis for life. Because it is a fluid system, the
atmosphere is capable of supporting a wide spectrum of motions, ranging from turbulent eddies of
a few meters to circulations having dimensions of the earth itself. By rearranging air, motions
influence other atmospheric components such as water vapor, ozone, and clouds, which figure
importantly in radiative and chemical processes and make the atmospheric circulation an important
ingredient of the global energy budget.

2.2

Solar Radiation
It is the dominant, direct energy input into the terrestrial ecosystem; and it affects all

physical, chemical, and biological processes. The sun provides a natural influence on the earth's
atmosphere and climate (Austin, 1999). Solar radiation is becoming increasingly appreciated
because of its influence on living matter and the feasibility of its application for useful purposes.
It is a perpetual source of natural energy that, along with other forms of renewable energy, has a
great potential for a wide variety of applications because it is abundant and accessible. Solar
radiation is rapidly gaining ground as a supplement to the nonrenewable sources of energy, which
have a finite supply.
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2.3

Solar Constant
The Solar Constant is the rate of total solar energy at all wavelengths on a unit area exposed

normally to rays of the sun at one astronomical unit. It is not a true constant but seems to fluctuate
slightly, a fewer tenths of a percent over periods of years. It should perhaps be called “solar factor".
The solar constant `S' is a quantity denoting the amount of total solar energy (energy per unit area)
across a surface of unit area normal to the solar beam at mean distance between the Sun and the
Earth (i.e at 1 astronomical unit). Abbot undertook a long series of ground based measurements
resulting in a value of about 1350W/m2 for the solar constant. The standard value of the solar
constant accepted by NASA (National Aeronautics and Space Administration) which is based on
the series of the measurements from high altitudes is 1353±21 W/m^2 and and by WRC (World
Radiation Centre) is 1367±1.7W/m^2 respectively. As the sun emits the radiation energy in all
directions, then from the energy-conservation principle, the energy emitted from the sun must
remain the same at some distance away from the sun. Thus,

F x 4π𝑎𝑠 2 =S x 4π𝑑𝑚 2 ………………………………………

(2.1)

S = F. (𝑎𝑠 /𝑑𝑚 )2 ……………………………………………….

(2.2)

Where F denotes the solar emittance, as is the radius of the sun, dm is the mean distance
between the sun and earth.

2.4

The Solar Radiation Spectrum
The Solar Radiation Spectrum is the distribution of radiative solar energy over different

wavelengths, or frequencies. Thus the electromagnetic radiation wave exhibits characteristics of
both electric fields and magnetic fields.
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Figure 2.1: Pattern of light wave. [source: Solar and terrestrial radiation, 2001]

The electromagnetic radiation emitted by the sun shows a wide range of wavelengths. It
can be divided into two major regions with respect to the capability of ionizing atoms in radiationabsorbing matter: ionizing radiation (X-rays and gamma-rays) and nonionizing radiation (UVR,
visible light, and infrared radiation). Fortunately, the highly injurious ionizing radiation does not
penetrate the earth's atmosphere. Solar radiation is commonly divided into various regions or bands
on the basis of wavelength. Ultraviolet radiation is that part of the electromagnetic spectrum
between 100 and 400 nm. The visible range lies within 400-700 nm wavelength which is shown
in fig. 2.2

Figure 2.2: The electromagnetic spectrum. [source: www.wikimedia.org]
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2.5

Extraterrestrial Solar Radiation
The quantity of solar energy arriving at the surface outside the earths atmosphere is known

as extraterrestrial solar radiation. The spectral distribution of radiation arriving on the earth’s
surface is indeed a function of its extraterrestrial distribution and the atmospheric constituents. The
NASA (1968-1971) standard spectral irradiance at the mean sun-earth distance outside the
atmosphere with solar constant of 1353 W/ W/𝑚2 is given in Fig. 3.2. This curve shows that about
47.29% or 640 W/ W/𝑚2 of the solar energy lies in the visible region (370 nm < λ < 770nm) and
almost the same amount (45.71% or 618W/ W/𝑚2 ) of energy lies in the infrared region (λ >
780nm). Little amount of energy (7% or 95W/𝑚2 ) lies in the ultraviolet region (λ <380nm).

Figure 2.3: Standard spectral irradiance at the mean sun-earth distance . [source: Wherli, 1985]
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2.6

Structure and Composition of the Atmosphere
To describe the interaction of the earth’s atmosphere with solar radiation, it is essential that

the atmospheres composition is understood. Air is mainly composed of nitrogen, oxygen, and
argon, which together constitute the major gases of the atmosphere. The remaining gases are often
referred to as trace gases among which are the greenhouse gases such as water vapor, carbon
dioxide, methane, nitrous oxide and ozone. Filtered air includes trace amounts of many other
chemical compounds. Many natural substances may be present in tiny amounts in an un_ltered air
sample, including dust, pollen and spores, sea spray, and volcanic ash. Various industrial pollutants
also may be present, such as chlorine (elementary or in compounds), uorine compounds,elemental
mercury, and sulfur compounds such as sulfur dioxide [SO2]. The earth's atmosphere consists of
several layers which can be defined according to air temperature. The vertical temperature profile
for the standard atmosphere as shown in figure 3.1 helps us to understand the actual concentration
of atmospheric constituents and atmospheric pressure at a particular height from the sea level in
the earth's atmosphere. This profile represents the typical condition in middle latitude, according
to the standard nomenclature defined by the International Union of Geodesy and Geophysics
(IUGG) in 1960.

2.7

Layers of the Atmosphere
In general, air pressure and density decrease in the atmosphere as height increases.

However, temperature has a more complicated profile with altitude. Because the general pattern
of this profile is constant and recognizable through means such as balloon soundings, temperature
provides a useful metric to distinguish between atmospheric layers. In this way, Earth's atmosphere
can be divided into five main layers.

11

Figure 2.4: Vertical temperature profile. [source: www.wikimedia.org]

2.7.1 Troposphere
The troposphere begins at the surface and extends to between 9 km (30,000 ft) at the poles
and 17 km (56,000 ft) at the equator, with some variation due to weather. The troposphere is mostly
heated by transfer of energy from the surface, so on average the lowest part of the troposphere is
warmest and temperature decreases with altitude with lapse rate of 6.5K/Km. The troposphere
contains roughly 80% of the mass of the atmosphere. The tropopause is the boundary between the
troposphere and stratosphere. Most of weather activities like cloud, rain, frost, fog, storm etc. occur
in troposphere. This layer contains nitrogen (N2), oxygen (O2), carbondioxide (CO2), dust and
water vapor.
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2.7.2 Stratosphere
The stratosphere extends from the tropopause to about 51 km (32 mi; 170,000 ft).
Temperature increases with height due to increased absorption of ultraviolet radiation by the ozone
layer, which restricts turbulence and mixing. While the temperature may be -600C (-760F; 210 K)
at the troposphere, the top of the stratosphere is much warmer and may be near freezing .The
stratopause, which is the boundary between the stratosphere and mesosphere typically is at 50 to
55 km (31 to 34 mi; 160,000 to 180,000 ft). The pressure here is 1/1000 sea level. Ozone occur
chiefly in this layer. In addition, thin layer of aerosol are also observed to persist for long period
of time within certain altitude range of stratosphere. It is also called ozonosphere.

2.7.3 Mesosphere
The mesosphere extends from the stratopause to 8085 km (5053 mi; 260,000-280,000 ft).
It is the layer where most meteors burn up upon entering the atmosphere. Temperature decreases
with height in the mesosphere. The mesopause, the temperature minimum that marks the top of
the mesosphere, is the coldest place on Earth and has an average temperature around -850C (1200F;190 K). At the mesopause, temperatures may drop to -1000C (-1500F; 170K). Due to the
cold temperature of the mesosphere, water vapor is frozen, forming ice clouds (or Noctilucent
clouds). A type of lightning referred to as either sprites or ELVES, form many miles above
thunderclouds in the troposphere. It has very less ozone. Mesosphere has very strong wind blow
eastward in winter and westward in summer.

2.7.4 Thermosphere
Temperature increases with height in the thermosphere from the mesopause up to the
thermopause, then is constant with height. Unlike in the stratosphere where the inversion is caused
by absorption of radiation by ozone, in the thermosphere the inversion is a result of the extremely
low density of molecules. The temperature of this layer can rise to 1,5000C (2,7000F), though the
13

gas molecules are so far apart that temperature in the usual sense is not well defined. The air is so
rarefied that an individual molecule (of oxygen, for example) travels an average of 1 kilometer
between collisions with other molecules. The International Space Station orbits in this layer,
between 320 and 380 km (200 and 240 mi). Because of the relative infrequency of molecular
collisions, air above the mesopause is poorly mixed compared to air below. While the composition
from the troposphere to the mesosphere is fairly constant, above a certain point, air is poorly mixed
and becomes compositionally stratified. The point dividing these two regions is known as the
turbopause. The region below is the homosphere, and the region above is the heterosphere. The
top of the thermosphere is the bottom of the exosphere, called the exobase. Its height varies with
solar activity and ranges from about 350800 km (220500 mi; 1,100,0002,600,000 ft).

2.7.5 Exosphere
The outermost layer of Earth's atmosphere extends from the exobase upward. It is mainly
composed of hydrogen and helium. The particles are so far apart that they can travel hundreds of
kilometers without colliding with one another. Since the particles rarely collide, the atmosphere
no longer behaves like a fluid. These free-moving particles follow ballistic trajectories and may
migrate into and out of the magnetosphere or the solar wind.

2.8

Atmospheric Absorption
Different molecules absorb different wavelengths of radiation. For example, O2and O3

absorb almost all wavelengths shorter than 300 nanometers. Water (H2O) absorbs many
wavelengths above 700 nm. When a molecule absorbs a photon, it increases the energy of the
molecule. We can think of this as heating the atmosphere but the atmosphere also cools by emitting
radiation, Oxygen and nitrogen which together constitute 99% of the atmosphere by volume,
absorbs strongly that fraction of solar radiation having wavelength shorter than about 0.3_m. The
very short wavelengths of great energy ionize the gas molecules. Other wavelengths in the
14

ultraviolet are absorbed by ozone in the layer between 20 and 50 km above the earth. In the infrared
a large fraction of the radiation is strongly absorbed by water vapor and carbondioxide. Ozone,
nitrous oxide and methane absorb less but still appreciable energy. The very rapid change in
absorptance with small change in wavelength makes calculation of total energy absorbed or
transmitted by the atmosphere very difficult. The atmosphere is evidently nearly transparent
between 0.3 and 0.8μm but the irradiance of terrestrial and atmospheric radiation is very weak in
this spectral range within the 8-12 μm range. Except for strong absorption by ozone at 9.6 μm
terrestrial radiation escape directly to space. This is the wavelength interval of strongest terrestrial
radiation and the radiation is said to escape through the open atmospheric window [Fleagle, 1980].

Figure 2.5: Identification of various molecular absorbers. [source: Iqbal, 1983]

2.9

Atmospheric Scattering
When light passes through our atmosphere, photons interact with it through scattering.

Scattering is the process of interaction of electromagnetic wave with the atmospheric particles
where the radiation is absorbed once and re-radiated in different directions. In this process the
energy of the system and the state of the interacting particle remains unchanged. The nature of

15

scattering depends upon the size of the scattering particle. This size parameter can be defined by
the ratio of its characteristic dimension and incident wavelength.

x =2πr/(λ )

where λ is wavelength of incoming radiation and r is radius of scattering particle. Based on
the size of the scattering particles, we distinguish between

•

Rayleigh scattering, particle diameter <<wavelength of the incident beam

•

Mie scattering, particles diameter ̴ of the incident beam

2.9.1 Rayleigh Scattering
The scattering of the light beam by the small particles whose size are relatively smaller
than the 1/10 th of the wavelength of the incident light is called Rayleigh scattering. Small particle
in the atmosphere (Gas molecules of size 10−8 cm) scatter sunlight isotropically i.e the scattering
pattern is symmetric about the direction of the incident wave. Elastic scattering (i.e. scattering
without change of the photon energy) by air molecules is called Rayleigh scattering. Although this
is not an absorption process, light scattered out of the probing light beam will normally not reach
the detector; thus for narrow beams (NB) it is justified to treat Rayleigh scattering as an absorption
process.

The intensity for unpolarized sunlight for Rayleigh scattering is given by,
𝐼

2𝜋

I = 𝑟02 𝛼 2 ( 𝜆 )4 (
𝐼

2𝜋

1+𝐶𝑜𝑠2 𝜃
2

)

1

I = 𝑟02 𝛼 2 ( 𝜆 )4 2 f (𝜃)……………………………
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(2.3)

Where f (𝜃) = (1 + 𝐶𝑜𝑠 2 𝜃) is function of Cos𝜃
Thus the function of Rayleigh scattering for unpolarized incident sunlight is defined as
P(Cos 𝜃) = 𝑎𝑓(𝜃) such that,
2𝜋

𝜋 𝑎𝑓(𝜃)

∫0 ∫0

2𝜋

4𝜋

Sin 𝜃 𝑑𝜃 𝑑∅ =1

𝜋 𝑎(1+𝐶𝑜𝑠2 𝜃)

or, ∫0 ∫0

4𝜋

Sin 𝜃 𝑑𝜃 𝑑∅ =1 …………………..

(2.4)

On integrating we get, 𝑎 = 3/4. Therefore, phase function for the unpolarized incident
light is given by

P(Cos 𝜃) = ¾ (1 + 𝐶𝑜𝑠 2 𝜃)…………………………….

(2.5)

Employing phase function the scattered intensity of unpolarized sunlight in Rayleigh
scattering
is written as
𝐼

2𝜋

I (𝜃) = 𝑟02 𝛼 2 ( 𝜆 )4
𝐼

I (𝜃) = 𝑟02 𝛼 2

1
2

4

x 3 P (Cos 𝜃)

128𝜋 5 𝑃(𝜃)
3𝜆4

4𝜋

………………………………

(2.6)

It follows that angular distribution of scattered intensity is directly associated with the
phase function. It is symmetric in the plane normal to the incident direction of the light. So the
scattering focuses equally along forward and backward directions when the particle size is very
small compared to the size of the particle.
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Figure 2.6: Angular distribution of radiation scattered from small particles (a << 𝜆 ), which
is representative of Rayleigh scattering of SW radiation by air molecules. [source: Salby, 1996]

The relation in equation (3.3) indicates that the rayleigh particles attenuate with inverse
fourth power of λ , so blue light is more scattered than the red one in the visible range. This is
responsible for the blue color of the sky. During the sunrise and the sunset, the radiation must pass
through a much greater thickness of the atmosphere to reach the ground. This causes multiple
scattering of blue light and relatively greater transmission of red light. Therefore the space around
the sun during the sunrise and sunset becomes red.
2.9.2 Mie Scattering
The scattering of an electromagnetic wave by the particle of size comparable or greater
than its wavelength is called Mie scattering. Aerosols, cloud, and water droplet are the important
factors responsible for the Mie scattering in the the atmosphere.

Figure 2.7: Rayleigh and Mie Scattering. [source: Salby, 1996]
In this process energy is focused towards the forward direction scattering and peaked about
as shown in the Figure 3.4. This cause the low reduction in energy by scattering through
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atmosphere containing dust particle and water droplet. So, more energy arrives to the ground. Mie
scattering is less wavelength dependent than the Rayleigh scattering and inversely related to the
square of the wavelength of incoming radiation (∝ 1⁄𝜆2 ). For the large cloud droplet, absorption
becomes very weak and the scattering becomes dominant attenuating process.

Large particles (a >> 𝜆 ), which is representative of Mie scattering of SW radiation
by cloud droplets. [source: Salby, 1996]

2.10

Atmospheric Albedo
Albedo is defined as the reflective quality of a surface. It is expressed as a percentage of

reflected insolation to incoming insolation and zero percent is total absorption while 100% is total
reection. In terms of visible colors, darker colors have a lower albedo, i.e they absorb more
insolation and lighter colors have high albedo, or higher rates of reflection. For example, snow
reflects 85-90% of insolation, whereas asphalt reflects only 5-10%. The angle of the sun also
impacts albedo value and lower sun angles create greater reaction because the energy coming from
a low sun angle is not as strong as that arriving from a high sun angle. Additionally, smooth
surfaces have a higher albedo while rough surfaces reduce it. Like solar radiation in general, albedo
values also vary across the globe with latitude but Earth's average albedo is around 31%. For
surfaces between the tropics (23.50N to 23.50S) the average albedo is 19-38%. At the poles it can
be as high as 80% in some areas. This is a result of the lower sun angle present at the poles but
also the higher presence of fresh snow, ice and smooth open water- all areas prone to high levels
of reflectivity.
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Figure 2.9: Measuring solar activity. [source: http://asd-www.larc.nasa.gov]

2.9.1 Atmospheric Attenuation
Radiation traversing a medium will be weakened by its interaction with matter. This
interaction is called extinction or attenuation, an overall designation for the processes of absorption
and scattering. High, thin cirrus clouds in the Earths atmosphere are highly transparent to
shortwave (or incoming) radiation and will transmit most of it to warm the Earth (insolation).
However, these clouds readily absorb outgoing long wave radiation, reemitting both out to space
and back to the Earths surface. Low, thick clouds such as stratocumulus clouds reject incoming
solar radiation back to space, causing cooling of the Earth system.

Earth's Radiant Budget = Total of incoming energy from the Sun-the total energy leaving the Earth.
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2.12

Ground based solar radiation fluxes
The radiant energy emitted by the sun can be observed, and this quantity is referred to as

the solar irradiance or solar fluxes. The total solar irradiance received on a surface is called global
irradiance which consists of direct and diffuse irradiance. These fluxes vary with latitude, season,
time of day and turbidity. The knowledge of direct, diffuse and global radiation is needed not only
for different technical application but also for the prediction of atmospheric and environmental
conditions for a particular location.

2.12.1 Direct solar radiation
Direct solar energy is the energy arriving at the Earth's surface with the Sun's beam. The
Sun's beam is quite intense and hence has also been described a \shadow producing" radiation.
Direct solar irradiance is a measure of the rate of solar energy arriving at the Earth's surface from
the Sun's direct beam, on a plane perpendicular to the beam, and is usually measured by a
pyrheliometer mounted on a solar tracker. The monochromatic distribution of a direct solar beam
can be calculated as a function of different variables, including optical mass and a wide variety of
atmospheric parameters such as water vapor contents, ozone layer thickness and turbidity
parameters. The intensity of the direct beam varies from 61% to 46% of isolation. It is maximum
in dry and dust free atmosphere.
2.12.2 Diffuse solar radiation :
Diffuse solar energy is the result of the atmosphere reducing the magnitude of the Sun's
beam. Some of the energy removed from the beam is redirected or scattered towards the ground the rate at which this energy falls on a unit horizontal surface per second is called the diffuse solar
irradiance. Diffuse solar irradiance is measured by a pyranometer, with its glass dome shaded from
the Sun's beam.The diffuse irradiance is given by

Id λ = Idr λ + Ida λ + Idm λ………………………. (2.5)
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where, the radiation in the right side of the equation represents the diffuse radiation due to
Rayleigh, aerosols and multiple scattering. The amount of diffuse radiation is about 17% of global
radiation on clear day. It may be as high as 35% on hazy sky and 80% during monsoon clouds.

2.12.3 Global solar radiation:
The global solar radiation is the sum of direct radiation and diffuse solar radiation. It
depends on geographical and atmospheric parameters. The global irradiance is given by

Gλ= InλCosθz + Idλ ……………………..

(2.6)

Where Inλ and Idλ are direct and diffuse solar irradiance.
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Chapter 3: Instruments and Methodology
3.1 Introduction
The huge amount of solar energy that planet Earth can perceive is at the rate of 5.4x1024
Joule per year. The energy that the Earth receives depends on different factors. One of the greatest
factor that affect the solar intensity is the aerosol optical depth. To design the various solar
equipments and research on solar energy and aerosol optical depth, the knowledge of solar
radiation reaching at the particular place is necessary. The global solar radiation determines the
energy state of the active surface and the lower atmosphere layers. Therefore, it is necessary to
quantify the solar potential of an area but achieving this goal requires first an adequate estimation
of solar radiation incident on the Earth's surface. Good quality solar radiation data is becoming
increasingly important in the field of renewable energy with regard to both photovoltaic (PV) and
thermal systems. This applies in activities such as research and development, production quality
control, determination of optimum locations, monitoring the efficiency of installed systems and
predicting the system output under various sky conditions.

The direct solar radiation and the aerosol optical depth that found at the field site Mission
Hills Park and San Jacinto Plaza was measured with the Microtop II Ozone Monitor and
Sunphotometer, Solar Light Company, Inc. Version 2.43.

MICROTOP II
The MICROTOPS II is a hand-held multi-band sunphotometer capable of measuring the
aerosol optical thickness at 1020 nm, total ozone column and optionally the water vapor column
(also called precipitable water).
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Figure 3.1: Microtop II Sunphotometer and Garmin GPS. [source: www.solarlight.com]

Principle of operation
The Microtop Sunphotometer is equipped with five accurately aligned optical collimators,
capable of a full field view of 2.5°. To eliminate internal reflections baffles are merged into the
device. For the suitable photodiode and interference filter the channels are fitted with narrow band.
The position of the collimator and the sun target are assigned to receive proper intensity. The
orientation of the optical channels at the solar disk occurs when the image of the sun is centered
in the bull’s-eye of the sun target. Radiation captured by the collimator and bandpass filters radiate
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onto the photodiodes, producing an electrical current that is proportional to the radiant power
intercepted by the photodiodes. These signals are first amplified and then converted to a digital
signal by a high resolution A/D converter. The signals from the photodiodes are processed in
sequence. The conversion is 20 per second.
The device stores two sets of calibration factors: the factory calibrations (FC) and user
calibrations (UC). The FC is based on programming and the user cannot modify it. But the UC can
be recalibrated by the users themselves. The FC can be transformed to UC keeping the former
configuration.

3.2

MFRSR
The Multi-Filter Rotating Shadowband Radiometer (Model MFR-7) is a site instrument

that measures global, diffuse, and direct normal components of spectral solar radiation.There are
two kinds of it, one is UV-MFRSR and the other is Vis-MFRSR. Vis- MFRSR is a passive
instrument which measures global and diffuse components of solar irradiance at six narrowband
channels and one open, or broadband, channel (Harrison et al. 1994). The UV-MFRSR measures
solar irradiance at seven narrowband wavelengths (namely 300, 305, 311, 317, 325, 332, and 368
nm; in UV-B and UV-A regions.
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Figure 3.2: MFRSR. [source: Yankee Environmental Systems Inc, MA]

The direct solar irradiance measurement is done only after the measurement of diffuse and
global solar irradiance. For each data record, the MFRSR takes measurements at four different
shadowband positions. The first measurement is taken with the shadowband in the nadir (home)
position. The next three measurements are, in order, the first side band, sun blocked, and second
side band. The side band measurements are used to correct for the portion of the sky obscured by
the shadowband . The AOD can be measured at each fixed narrow band channels assigned with
the measurements of the wavelengths of 415, 500, 615, 673, 870, and 940 nm. The MFRSR was
among the original instruments deployed at the first U.S. Department of Energy Atmospheric
Radiation Measurement (ARM) Climate Research Facility sites. The network did not work good
first but it was back to full capacity on 2005. With the advancement on technology adopted on the
instrument to measure effectively, the instrument have been updated and the ARM is the Langleycalibrated good data product.

26

Figure 3.3: Photograph of MFRSR at UGLC Building, UTEP

Instrument/Measurement Theory
The MFRSR, generates the direct beam from its principal measurements. It is a passive
radiometer that measures solar energy in six narrowband channels and one broadband channel. For
each sample, the following four measurements are taken.
1. The initial measurement taken while the shadowband is in the home position out of the
180° field of view. Sometimes called the nadir, or unblocked, measurement.
2. Next, the first of two side band measurements is taken. The two side band measurements
are used to correct for the signal lost due to the portion of the sky obscured by the shadowband
during the following measurement.
3. Then, the sun blocked measurement is taken. This is the measurement taken while the
shadowband’s shadow is cast over the diffuser.
4. Finally, the second side band measurement is taken. When this last measurement is
completed, the shadowband then returns to the home position. With the core measurements
described, we now turn to the corrections that are applied. They are the cosine, diffuse, and offset
corrections.
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Each of these corrections are described below:

Cosine Correction :
It is an important factor to correct. The direction of the solar disc vary so it should be
corrected to have an accurate measurement of the solar irradiance. It can be corrected in the lab
with the help of cosine bench.

Diffuse Correction:
To have diffuse correction obvious direct correction should occurs. The difference between
two is that energy arrives at a single point in direct beam whereas it arrives from all directions in
diffuse beam. Modeling a Rayleigh sky with input from the SolarInfo (cosine response) file makes
the correction.

Offset Correction:
It is also an important part need to be care of.. For each sensor the inherent bias should be
corrected. Normally one day before, nighttime data are averaged to produce the offset correction
for the next day. It is preassumed that the offset vary with time; so it was decided to calculate the
offset on an ongoing basis rather than relying on a single value determined during the standard
lamp calibration. Nighttime data accounts for the offset of the entire system. Accounting for the
offsets is equally important for the total and diffuse radiation measurements.
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Chapter 4: Results and Discussions

4.1 Introduction
We have discussed so far about the introductive part, theoretical part, different methods
and methodology applied to the subjective matter of the research work up to this chapter. Now we
discuss the observations of our thesis work in this chapter.
As we know the microtop sunphotometer acts like a MFRSR instrument I took it to measure
the solar irradiance and aerosol optical depth on the two sites Mission Hills Park and San Jacinto
Plaza. Because the microtop was tested before obvious it shows the same trend of data as measured
by the MFRSR. The microtop gives the values of different spectral bands of wavelength in between

Figure 4.1 Variation of solar irradiance in Mission Hills Park
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UV and Visible regions. But I prefer two of the measurements within the UV region and two within
the visible regions. So I took spectral band of 340nm, 380nm and 440nm, 550 nm.
From the table we see that the solar irradiance for the 380 nm is greater than 340 nm in the
UV region with respect to the change in time and temperature of the spectral bands in the microtop
for specific wavelengths. I took the measurements at the day time starting from 13:36 pm to 16:46
pm. The maximum value of the solar irradiance is found 1307.220 W/m 2 at 13:58:54 for 340 nm
spectral band. With the value 1317.510 W/m 2 at 14:39:04 pm for the spectral band on the
wavelength 380 nm. But compared to the values on UV region we found both for spectral band
440 nm and 500 nm the values are less. Like for the maximum value on 44O nm spectral band we
got the highest irradiance as 1091.420 W/m 2 at 14:49:07 pm and for the 500 nm spectral
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wavelength the highest value of it as 1060.830 W/m 2 at 14:18:59 pm. The lowest value of the
spectral irradiance is found at the evening time for all these spectral wavelengths and the values
seems similar likewise for the highest for each which is shown through the graph too. But wholly
the spectral irradiance goes on increasing with respect to increase in temperature at the spectral
bands. The values increases more comparatively on the 380 nm spectral band than on 340nm band
on the UV region but the opposite phenomenon occurs on the visible range i.e the values decreases
on the increasing spectral wavelength band.
The trends of the irradiance looks in a way in the region Mission Hills which is in fair
agreement with the MFRSR values because it also gives on a same way result.
Accordingly we again did the same work on the site San Jacinto Plaza with the same time
but the different day. The sky condition is also clear. The maximum value of the solar irradiance
is found 1309.470 W/m 2 at 14:06:43 for 340 nm spectral band. With the value 1313.820 W/m 2 at
14:16:45 pm for the spectral band on the wavelength 380 nm. But compared to the values on UV
region we found both for spectral band 440 nm and 500 nm the values are less. Like for the
maximum value on 44O nm spectral band we got the highest irradiance as 1073.260 W/m 2at
13:46:38 pm and for the 500 nm spectral wavelength the highest value of it as 1055.140 W/m 2 at
13:46:38 pm. The lowest value of the spectral irradiance is found at the evening time for all these
spectral wavelengths and the values seems similar likewise for the highest for each which is shown
through the graph too.
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Figure 4.3 Variation of AOD in Mission Hills Park for UV region

In Mission Hills Park, the aerosol optical depth for the UV and Visible region for different
spectral wavelengths vary in the values. For 332 nm wavelength the value varies within the range
from 0.7506 to 0.7578 in between the specified time interval and also for the 368 nm wavelength
it varies from 0.4930 to 0.5055 and for the visible wavelengths for 440 nm wavelength and 500
nm wavelength the AOD values vary from 0.42303 to 0.42732 and 0.3902 to 0.3964 respectively.
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Figure 4.4 Variation of AOD in Mission Hills Park for Visible region

In San Jacinto Plaza, the aerosol optical depth for the UV and Visible region for different
spectral wavelengths vary in the values. For 332 nm wavelength the value varies within the range
from 0.7572 to 0.7597 in between the specified time interval and also for the 368 nm wavelength
it varies from 0.4932 to 0.5081 and for the visible wavelengths for 440 nm wavelength and 500
nm wavelength the AOD values vary from 0.42303 to 0.42732 and 0.3920 to 0.3981 respectively.
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Figure 4.5 Variation of AOD in San Jacinto Plaza for UV region

Figure 4.6 Variation of AOD in San Jacinto Plaza for Visible region
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The second work we did was the Langley plot from the MFRSR. We have the online data
from NREL (National Resource Ecology Laboratory) for MFRSR. We retrieved the data from
April 8, 2017 and April 9, 2017 and wanted to see how the Langley calibration is done to calculate
the aerosol optical depth. I have the instantaneous data for the interval of 3 mins but still within
that it averages the 20 memory at a time. Then we plotted graphs in between the aerosol optical
depth values with the corresponding wavelengths that assigned by the MFRSR. According to the
paper (Langley method applied in study of aerosol optical depth in the Brazilian semiarid region
using 500, 670 and 870 nm bands for sun photometer calibration) the slope of the intercept between
the natural log of Vλ and optical air mass gives the aerosol optical depth. Then we compared this
value with my corresponding measurement.

Figure 4.7: Langley plot for 300 nm wavelength spectral band
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Figure 4.8: Langley plot for 368 nm wavelength spectral band

Figure 4.9: Langley plot for 500 nm wavelength spectral band
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Figure 4.10: Langley plot for 870 nm wavelength spectral band

The correlation coefficient value between both the measurements seems in fair agreement.
So we can say that the method to extract AOD from Langley Calibration has good validity. We
found the average AOD for 300nm and 368 nm wavelength as 0.824 and 0.510 respectively.
Similarly for the visible region for 500 nm and 870 nm wavelength we found the average AOD as
0.4321 and 0.3427 respectively. On both of the measurements the values seem quite similar with
the value that the Microtop Sunphotometer gave.
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We have seen that the in the Langley plots, the UV regions have higher aerosol
optical depth than the visible regions. The aerosol optical depth is inversely proportional
to the radiation wavelength i.e, when decreasing the radiation wavelength the absorption
and scattering increases, due to aerosols present in the atmosphere. The wavelength
dependency of the aerosol optical depth can be explained by Rayleigh scattering.

Furthermore we went for the aerosol optical depth measurements for the 332 nm
and 368nm respectively and compared with the values given by the MFRSR with the
corresponding times but at different locations with different parameters. Each
measurement for both the wavelengths variation is shown in the table. But on average the
Mission Hills Park has 10.161% change in AOD for the 332 nm wavelength and 10.854%
change for 368 nm wavelength. Now for the San Jacinto Plaza it has 10.210 % change in
AOD for 332 nm wavelength and 10.950% change in AOD for 368 nm wavelength. The
distance from UTEP UGLC MFRSR to Mission Hill Park is 1.9 mile or 3.058 km and the
San Jacinto Plaza is at 2.0 mile or 3.219 km. So we can say that within the 3.3 km radius
from the station the AOD changes by 10-11 % .The change is the dropped in value. In our
case we found the values decreases with respect to the distance apart.
The next objective of our research work is to see the variations in the measurement
of spectral irradiances of different spectral bands wavelength and the corresponding aerosol
optical depths through the mapping. So we opt GISArc Map for the plots to see how the
concentration of the irradiance and AOD looks like.
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Table No. 4.1 Average Values for Mission Hills Park
Period

Solar Irradiance (W/m2 )

Aerosol Optical Depth

340 nm

380 nm

440 nm

500 nm

332 nm

368 nm

First

1258.220000

1280.637107

1052.932566

1007.462857

0.757371

0.505393

Second

1251.708889

1282.322096

1007.202505

935.638095

0.758052

0.505011

Third

1215.574988

1237.469817

953.763834

899.760788

0.758666

0.503980

Table No. 4.2 Average Values for San Jacinto Plaza

Period

Solar Irradiance (W/m2 )

Aerosol Optical Depth

340 nm

380 nm

440 nm

500 nm

332 nm

368 nm

First

1264.362857

1293.637137

1060.361137

1028.242857

0.752657

0.495984

Second

1284.188145

1284.188145

1034.620160

999.778980

0.752180

0.499453

Third

1201.368887

1201.368887

953.918907

906.058776

0.755776

0.503165
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The average data values for different spectral bands wavelengths that shown in the table 4.1 and
4.2 are shown in the gis plots below.
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The great circle with spikes around shows the specific direction of the stations
where the measurements were taken place. The cluster of small circles with dense color shows the
greater value of the concentration both in terms of solar irradiance and aerosol optical depth but
the circles with light color have the small values. The whole cluster is not seen as a single closed
figure because there is fluctuation of value in the specific time within that period. The small each
circle gives the values of a particular time which is around the average value. The average value
is the one which is shown in the graph for both solar irradiance and aerosol optical depth. We took
three time periods data for the comparison for each hour interval. And we compared the specific
concentration of solar irradiance and aerosol optical depth for each spectral wavelength at the same
time period but within one day time interval.

The values seem fluctuating either on any of the stations. There are lots of factors
associated with the results. The fluctuation in temperature of the spectral bands in the microtop
sunphotometer, aerosol particles associated with the atmosphere, local climatic conditions etc.
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Out of two stations Mission Hills Park is supposed to be less polluted than the San Jacinto
Plaza in downtown area near Ciudad Juarez. This Juarez region is polluted area according to the
report published by The New York Times (Pollution Tests Two Neighbors: El Paso and Juarez;
Dec 22, 2016). So being nearby to Juarez San Jacinto Plaza stations have a bit high AOD and a bit
less solar irradiance compared with the Mission Hills Park which we got on our results too.

The fourth objective of our study is to compare AOD from MFRSR with IDEA for a clean
vs cloudy day.

For the study of air quality assessment, management and prediction IDEA (Infusing
satellite Data into Environmental air quality Applications) was developed which is NASA-EPA
NOAA partnership application. In the Summer of 2003, researchers form NASA, EPA, NOAA
and academics prototyped the fusion, analysis and visualization of NASA-ESE and US EPA data
as AIRNow PM2.5 Forecast Tools. After a successful demonstration, EPA and NASA transferred
IDEA to the Cooperative Institute for Meteorology and Satellite Studies (CIMSS), a joint
University of Wisconsin (UofW)-NASA-NOAA, through the support of EPA and NASA
continued to the operation of IDEA until 2007. In 2007 IDEA was transferred to the University of
Maryland Baltimore County and eventually to NOAA NESDIS. Since 2008, IDEA has been
running at NOAA Center of Satellite Applications and Research (STAR) and has been hosted by
its web server. {Source: IDEA WEBSITE AND NOAA}

MODIS (Moderate Resolution Imaging Spectroradiometer) is a key instrument aboard the
Terra (originally known as EOS AM-1) and Aqua (originally known as EOS PM-1) satellites.
Terra's orbit around the Earth is timed so that it passes from north to south across the equator in
the morning, while Aqua passes south to north over the equator in the afternoon. Terra MODIS
and Aqua MODIS are viewing the entire Earth's surface every 1 to 2 days, acquiring data in 36
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spectral bands, or groups of wavelengths . MODIS helps to model the global change of dynamic
earth space system in a good way.

MODIS derived aerosol optical depth

The MODIS helps to derive aerosol optical depth on the bases of Terra satellite and the
Aqua satellites. Terra has a decreasing orbit and a 10:30am equatorial overpass time but Aqua has
an ascending orbit and a 1:30pm equatorial overpass time. The MODIS AOD is at a 10 x 10 km2
spatial resolution and is plotted on a scale of 0.0 to 1.0 with ta > 1.0 shown as dark red.

For the last year on 2016 at El Paso, the clearest day of the year was June 09 and the mostly
cloudy day was August 05 according to the weatherspark.com. We compared the AOD from these
two methods and the plots look like this.

The plots for the most clear day for June 09 is shown in fig 1 and fig. 2. The Value of
AOD varies in the range from 0 to 1.0. We see most of the region is on blue color range with the
dark blue value within 0 to 0.2 value. It shows most part of the elpaso region more clear but only
the less spots have greater AOD throughout the day. The MODIS AOD (Aqua) shows more
scattered aod than the aqua.
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Figure 4.11: MODIS AOD (Terra ) VARIATION FOR JUNE 09, EPA Region 6. [source: IDEA]

Figure 4.12: MODIS AOD (Aqua) VARIATION FOR JUNE 09, EPA Region 6. [source: IDEA]
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Figure 4.13: MODIS AOD (Terra) VARIATION FOR August 05, EPA Region 6. [source: IDEA]

Figure 4.14: MODIS AOD (Aqua) VARIATION FOR August 05, EPA Region 6. [source: IDEA]

48

The month of July in El Paso experiences rapidly increasing cloud cover, with the
percentage of time that the sky is overcast or mostly cloudy increasing from 26% to 38%.
For reference, on August 5, the cloudiest day of the year, the chance of overcast or mostly
cloudy conditions was 39%, while on June 9, the clearest day of the year, the chance of clear,
mostly clear, or partly cloudy skies was 81%.

The final objective of my research is to compare PM2.5 from IDEA and TCEQ model. We tried to
get the plots of April 8, 2017 to see how the AOD looks throughout the day.

Figure 4.14: Plot of PM-2.5 for the day April 08, 2017 from TCEQ
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Figure 4.15: Plot of PM-2.5 for the day April 08, 2017 from MODIS

PM2.5 are tiny particles in the air that reduce visibility and cause the air to appear hazy
when levels are elevated. The term fine particles, or particulate matter 2.5 (PM2.5), refers to tiny
particles or droplets in the air that are two and one half microns or less in width. Fig. 4.14 shows
the daily PM2.5 concentration for April 08, 2017 from early morning to the night time. The
maximum value is 16 and the minimum value is 6.3. It is plotted on the local conditions which is
independent of pressure and temperature.
Fig. 4.15 shows the distribution of the PM2.5 with AOD together in MODIS/GASP (Goes
Aerosol Smoke Product). The air quality is distinguished by the distribution of the colors and it
helps to identify that the PM2.5 whether lies on or nearby MODIS AOD. It is always good to see
the correlation between the measurements from the model.
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Chapter 5: Conclusions:
•

The microtop sunphotometer shows good correlation with MFRSR measurements .The
solar irradiance increases in UV region and decreases on visible region and also the
aerosol optical depth increases with decrease in wavelength.

•

The Langley method to find the aerosol optical depth was successfully used.

•

The spatial distribution of aerosol optical depth in both stations shows the average 1011% drop in value with the MFRSR station around the radius of 3.3 km.

•

The distribution of average solar irradiance and AOD for two stations using GisArc
maps was successfully used.

•

The aerosol optical depth given by the MFRSR and the IDEA shows reasonable
agreement.
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